Atorvastatin is commonly used as a cholesterol lowering agent in patients. Recently, the neuroprotective effects of atorvastatin became the focus of many research studies. In this study, we have formulated chitosan microspheres containing atorvastatin calcium. In-vitro characterization of chitosan microspheres and quantification of atorvastatin calcium from formulations were also evaluated. The neuroprotective efficiency of atorvastatin calcium was investigated by an experimental spinal cord injury model. Atorvastatin calcium microspheres were implanted at the laminectomy area (1 mg/kg) immediately after trauma. Twenty-four hours after injury, motor functions of animals were scored according to modified Tarlov Scale. In spinal cord tissues tumor necrosis factor (TNF)-a, interleukin (IL)-1b, IL-6 and lipid peroxidation levels were quantified and ultrastructural changes have been investigated. The results of all parameters indicate that microspheres containing atorvastatin calcium were capable of improving functional outcome, attenuating the expression of TNF-a, IL-1b and IL-6; lowering lipid peroxidation levels and maintaining the preservation of the cellular uniformity.
Regular Article
Spinal cord injury (SCI) is a devastating and complex clinical condition which involves a cascade of events. The intensity of the primary insult basically affects the clinical outcomes; however the secondary injury mechanisms more importantly determine the neurological conditions of the patients. Initial physical insult (primary injury) is followed by a progressive injury process (secondary injury) that leads to tissue destruction, neuronal loss, axonal damage.
1) The secondary injury mechanisms start just a few minutes after primary insult and last up to days and months. Current treatments involving high-dose methylprednisolone administration has been more questionable depending on its benefit/risk ratio.
Statins belong to the class of 3-hydroxy-3-methyl-glutarylCoA (HMGCo-A) reductase inhibitors and they are the generally known as cholesterol lowering agents. Besides their well known effects, they are known to be involved in many cellular processes through cholesterol dependent/independent mechanisms. The first pioneering studies for the investigation of their effects in neurodegenerative disorders demonstrated their anti-inflammatory effects in primary astrocytes, 2) neuroprotective effects in multiple sclerosis, [3] [4] [5] Alzheimer's disease, [6] [7] [8] stroke [9] [10] [11] and spinal cord injury. 12, 13) Although the underlying mechanisms are not fully clarified, the main possible mechanism suggested is the pleiotropic effects on endothelium dependent vasodilatation, atherosclerotic plaque stabilization, anti-thrombotic, anti-oxidative and anti-inflammatory effects. [14] [15] [16] [17] Chitosan, b(1,4)-2-amino-2-deoxy-D-glucose, is one of the major polymers used in pharmaceutical dosage forms. Chitosan is obtained by the alkaline deacetylation of the chitin, which exists in the natural structure of the outer shells of the crustecea.
18 ) The outstanding properties that make chitosan such popular in pharmaceutical filed is its being non-toxic and potentially safe, 19) biodegradability and biocompatibility. [20] [21] [22] Depending on these facts, the major aim of this study was constructed on a quadruped target as starting with the formulation of chitosan microspheres containing atorvastatin calcium, characterization of microspheres, in-vitro quantification of atorvastatin calcium loaded in the microspheres and investigation of the efficiency of these microspheres after administration to rats, which were introduced to the experimental spinal cord injury model.
Experimental
Materials The atorvastatin calcium used as the active ingredient in this study was from Dr. Reddy's Laboratories (Mumbai, India). The chitosan polymer used for the preparation of microsphere formulations was purchased from Sigma Aldrich (Milwaukee, U.S.A.). Three different types of chitosan were used in the formulation studies. The low molecular weight chitosan with Brookfield viscosity (1% in 1% acetic acid) of 20 cP and deacetylation degree of 75-85%; medium molecular weight chitosan with Brookfield viscosity (1% in 1% acetic acid) of 200 cP and deacetylation degree of 75-85%; high molecular weight chitosan with Brookfield viscosity (1% in 1% acetic acid) of 800 cP and deacetylation degree Ͼ75% were the selected polymers for microsphere preparation. For analytical method, High Pressure Liquid Chromatography (HPLC) grade acetonitrile and methanol were purchased from Sigma Aldrich (Steinheim, Germany). For anesthesia, a mixture of Rompun ® (Bayer Healthcare, Turkey) and Ketalar ® (Pfizer Drug Co., Ltd., Turkey) were used. For the determination of tumor necrosis factor (TNF)-a, interleukin (IL)-1b and IL-6 levels, Assay Max Elisa Kits were used purchased from AssayPro (Montana, U.S.A.). All other chemicals used in the experiments were reagent grade and were used without further purification.
Preparation of Microsphere Formulations
Chitosan microspheres containing atorvastatin calcium was prepared by spray drying method. Briefly, the polymer, chitosan, having three different molecular weights as low, medium and high was dissolved in acetic acid solution (1%, v/v) at the concentration of 1% (w/v). The active ingredient, atorvastatin calcium, at the ratio of 10% with respect to the polymer weight was added to the chitosan solution after preparing its solution in methanol. The dispersion was than homogeneously mixed with Ultra Turrax T25 at 11000 rpm for 1 min and afterwards, it was continuously stirred over a magnetic stirrer during spray drying process. The flow rate of the spray dryer was set as 1 ml/min though a 0.5 mm nozzle. The inlet temperature was set as 120°C and the outlet temperature was determined as 67°C.
Investigation of the Surface Morphology
Microspheres were mounted on metal stubs with a double sided adhesive band and then sputtered with a 150 Å thick layer of gold in a BIORAD Sputter Apparatus. A scanning electron microscope (Jeol-SEM ASID-10 Device in 20 kV) was used to evaluate the surface characteristics of the microspheres within the magnification range of ϫ1500-2000.
Quantification of Atorvastatin Calcium In order to quantify the amount of atorvastatin calcium from microsphere formulations, a high pressure liquid chromatography (HPLC) method has been developed. In this method, the analytical column is Manchery Nagel C 18 column (250ϫ4.6 mm; 5 mm). The mobile phase is consisting of 50 mM NaH 2 PO 4 (pH 4.5) : acetonitrile : methanol (3 : 3 : 4, v/v/v) at the flow rate of 1 ml/min. The UV detection wavelength was set at 250 nm. The method was validated through the parameters of linearity, accuracy, precision, selectivity, and system suitability.
Determination of Encapsulation Efficiency
The amount of atorvastatin calcium entrapped into the microspheres was determined over 3 replicates with a method which basically depends on the method described previously by Gavini et al. 23) Briefly, certain amount of microspheres containing atorvastatin calcium were accurately weighed and mixed on a magnetic stirrer with dichloromethane (DCM) for 48 h. Two milliliters of this solution is transferred in to an eppendorf tube and DCM was evaporated under nitrogen gas. Two milliliters of methanol is added over the residue and vortexed for 15 min. Afterwards, this mixture is filtered though 0.45 mm polytetrafluoroethylene (PTFE) filters. The amount of atorvastatin was then analyzed with the validated HPLC method described above.
In-Vitro Release The in-vitro release profiles of atorvastatin calcium from microsphere formulations were investigated in 30 ml of pH 6.8 phosphate buffer solution in a horizontal shaker. Certain amount of microspheres were accurately weighed and suspended in the release medium at 37Ϯ0.5°C
. The release profiles of the microsphere formulations were investigated over six different flasks for all formulations. The rotation speed of the horizontal shaker was set at 50 rpm. One milliliter of sample was withdrawn from the release medium and replaced immediately with the fresh medium. The samples were filtrated from 0.45 mm nylon filters and analyzed with the HPLC method that was previously described.
In-Vivo Animal Model The efficiency of chitosan microspheres containing atorvastatin calcium has been investigated in an experimental spinal cord trauma model in Sprague-Dawley (SD) rats. The experimental procedure for in-vivo trials has been approved by the Local Ethical Committee of Ankara Hospital with the protocol number 06/06/2008-0289. The SD rats weighing 200-250 g were randomly and blindly allocated into four experimental groups as summarized in Table 1 . The surgical procedure was performed under general anesthesia induced by intramuscular 10 mg/kg xylazine (Bayer, Istanbul, Turkey) and 60 mg/kg ketamine hydrochloride (Parke Davis, Istanbul, Turkey). Rats were placed in prone position. After T6 through T10 midline skin incision, paravertebral muscles were dissected. T7 through T9 spinous processes were removed, and laminectomy was performed. The dura was left intact. Spinal cord contusion injury was produced by the weight drop method described previously by Bethea et al. 24) The microsphere formulations were implanted into the laminectomy area just after the introduction of trauma to the SD rats. Representative steps of the surgical procedure are shown in Fig. 1 . After surgical and traumatic interventions, the surgical wound was closed in layers with silk sutures. Twentyfour hours after trauma, anesthesia was reintroduced. Animals were placed in prone position. The skin was opened, and the dura was incised longitudinally above the laminectomized spinal cord. Spinal cord samples (1 cm) were obtained from operated spinal cord area after the animals were sacrificed. Tissue samples were kept in Ϫ196°C (liquid nitrogen) until biochemical evaluation.
Functional Evaluation The functional evaluations of the experimental groups were conducted on Day-1, -3 and -5 after spinal cord injury by using inclined plane technique of Rivlin and Tator and a modified version of the Tarlov Grading Scale. 25) The parameters used for the evaluation of the animals according to the Tarlov Grading Scale are briefly summarized in Table  2 . For the inclined plane evaluations, the degree of the plane that the animals can stand for at least 5 s was recorded. The scores of the animals were the average scores recorded by two different neurosurgeons that were blinded to the study.
Determination of Lipid Peroxidation Ratio
The interaction between free radicals and biochemical substances rapidly occurs in the body. Lipid peroxidation is one of the most significant examples for this interaction. Thiobarbituric acid (TBA) reaction is generally used to determine malondialdehyde (MDA), the end product of lipid peroxidation reaction. 26) The final product of lipid peroxidation, MDA, is a volatile substance which can easily evaporate. As a result of this evaporation, it causes the polymerization of the membrane structure. Finally, some of the membrane properties such as ion transport, regulation of enzyme activity, stabilization of the membrane surface and ability to change shape are lost. The membrane is destabilized by lipid peroxidation, loses its property to form a potential, vascular permeability increases and as a result of excess accumulation of Ca 2ϩ , cell death occurs. 26) Thirty rats (nϭ6 for each individual group) were used for the determination of lipid peroxidation level. The lipid peroxidation per gram of wet tissue in nmol was calculated over the MDA amount. MDA is an end product of the thiobarbituric acid reaction, which is used as an indirect parameter for the lipid peroxidation level. Weighed tissue in 100 mM KH 2 PO 4 (pH 7.0) buffer was homogenized in an ice bath then 0.25 ml of homogenates (10% concentration) were mixed with 1.5 ml of 1% H 3 PO 4 and 0.5 ml 0.8% TBA and stored in boiling water for 60 min. After cooling and adding 2 ml n-butanol to the tubes, they were vortexed at 2000 rpm for 30 s and for 30 min at 2500ϫg centrifuged. Color in n-butanol phase was read at 532 nm in spectrophotometer (Shimadzu UV 1700). The amount of lipid peroxide was calculated by using 1,1,3,3-tetramethoxypropane as standard. Each assay was repeated at least twice. Lipid peroxide levels were expressed as nanomoles per gram of tissue. 26, 27) Determination of Tumor Necrosis Factor-Alpha (TNF-a), Interleukin-1 Beta (IL-1b) and Interleukin-6 (IL-6) Levels Spinal cords from the sacrificed animals were weighed and homogenized (10% w/v) on ice in 25 mM Tris pH 7 containing 150 mM KCl using Omnimixer homogenizer at 3000 rpm. An aliquot from the homogenate was set for MDA measurements. The rest of the homogenate was centrifuged at 12000ϫg at ϩ4°C for 25 min. The supernatant was used for enzyme-linked immunosorbent assay (ELISA) assays and protein concentration determined by Bradford assay.
The levels of TNF-a, IL-1b and IL-6 were measured with a commercially available sandwich enzyme-linked immunosorbent assay-ELISA kits, which are specific for each of these cytokines individually, from AssayMax according to the procedure recommended by the manufacturer. In brief, 50 ml aliquots of sample or standard were pipetted into the wells of a microtiter plate that had been coated with an antibody specific for rat TNF-a, IL-1b and IL-6 and incubated for 2 h at room temperature. After washing the wells, 50 ml of biotinylated TNF-a, IL-1b and IL-6 antibodies were added to each well and incubated for 2 h. At the end of 2 h the wells were washed, decanted and 50 ml of Streptavidin-Peroxidase Conjugate were added per well and incubated for 30 min. After a third incubation and washing to remove all the unbound enzyme, color was developed by addition of stabilized chromogen tetramethylbenzidine, a stop solution added and the intensity of the colored product quantified spectrophotometrically using Spectramax M2 micro plate reader from Molecular Devices at 540 nm.
Ultrastructural Evaluation The tissue samples are resected from the traumatic region of the spine 24 h after trauma. The tissue samples were examined by an investigator who was blinded to the study protocol by transmission electron microscopy (TEM). For TEM examination; the tissue samples were fixed in 2.5% gluteraldehyde for 6 h, washed in phosphate buffer (pH 7.4), post-fixed in 1% osmium tetroxide in phosphate buffer (pH 7.4) for 2 h and dehydrated in increasing concentrations of alcohol. Then, the tissues were washed with propylene oxide and embedded in epoxy-resin embedding media. Semi-thin sections about 2 mm in thickness and ultra thin sections about 60 nm in thickness were cut with a glass knife on a LKBNova (LKB-Produkter AB, Bromma, Sweden) ultrotome. The semi-thin sections were stained with methylene blue and examined by a Nikon Optiphot (Nikon Corp., Tokyo, Japan) light microscope. Following this examination, the tissue blocks were trimmed, their ultra thin sections were taken by the same ultratome and they were stained with uranyl acetate and lead citrate. Following staining, all the ultra thin sections were examined by Jeol JEM 1200 EX and Jeol 1400 (Jeol Ltd., Tokyo, Japan) transmission electron microscopes. The electron micrographs were taken by the Orius SC 1000 CCD camera of Jeol 1400 transmission electron microscope.
Statistical Analysis For the evaluation of the statistical differences between experimental groups, one way ANOVA test has been used at the significance level pϭ0.05 (SPSS 16.0 software). The comparison within the experimental groups was investigated with Bonferroni Test. All the data were expressed as meansϮstandard deviation (S.D.) and pϽ0.05 was accepted as statistically significant.
Results

Preparation Efficiency
The preparation efficiencies of all three types of microsphere formulations prepared with chitosan polymer having three different molecular weights (low, medium and high) were determined. The preparation efficiencies were recorded as 66.28%, 52.77% and 45.37% for polymer types low, medium and high, respectively. The formulations were prepared over a single batch; therefore the data are represented only by a single resulting value.
Surface Morphology The surface morphologies of the formulations were investigated by SEM as previously described. The SEM images show that there are still some drug particles existing over the surface of the microspheres prepared with high molecular weight chitosan. The results are in correlation with the encapsulation efficiency determinations. The microspheres were regular in shape and there are no porous structures existing in the microsphere formulations. The SEM images of the three formulations are shown in Fig. 2 .
Quantification of Atorvastatin Calcium A reversedphase high-performance liquid chromatographic method was optimized for the determination atorvastatin calcium encapsulated in chitosan microspheres. Under the optimum conditions atorvastatin calcium is eluted in 5.9 min (Fig. 3) . Afterwards, the optimized method was validated through the parameters of system suitability, limit of detection (LOD), limit of quantification (LOQ), linearity, accuracy, precision, and selectivity. Firstly, system suitability of the method was assessed by ten replicate analyses of atorvastatin calcium. The retention time repeatability, capacity factor, theoretical plate number and peak asymmetry were 0.6% RSD, 5.1, 4461 and 1.1, respectively. All of these values were within acceptable criterion, therefore the method was found suitable for the analyses of atorvastatin calcium.
The LOD and LOQ were estimated on the basis of the results for three replicates of atorvastatin calcium at different Able to walk normally levels, considering a signal-to-noise ratio of 3 and 10, respectively. The LOD and LOQ values were found to be as 30 and 90 ng · ml
Ϫ1
, respectively. The calibration curve was linear in the range from 0.25 to 8 mg ml
. The linear calibration curve between the peak area and the concentration of the atorvastatin calcium was established by linear regression. The regression equation of calibration curve was yϭ1.0586xϪ0.0999 where y is peak area and x is concentration. The correlation coefficient (R 2 ) was calculated as 0.9996 indicating the goodness of the linearity.
The precision of the method was investigated with respect to injection repeatability and intermediate precision. The injection repeatability of the system was evaluated by ten consecutive injections. The RSD values of retention time was 0.6% (Ͻ1%). This result indicates that the system had good injection repeatability. To assess intra-day precision, six spiked samples at three concentration levels were prepared and analyzed twice. For inter-day precision, three different daily renewals of the intraday precision were carried out. The RSD values of intra-and inter-day studies varied from 1.2 to 1.8% showed that the intermediate precision of the method was satisfactory.
The accuracy of a method is determined by calculating the percentage relative error between the measured mean concentrations and added concentrations (Bias %). Intra-day and inter-day accuracies (Bias %) were varied from 0.5 to 2.6% which shows good accuracy.
The selectivity of the method was evaluated by analyzing blank microsphere. In the evaluation of the selectivity, atorvastatin calcium was well resolved from baseline ( Fig. 3) and there was no matrix effect from blank microsphere at the same time of atorvastatin calcium.
Determination of the Encapsulation Efficiency
The encapsulation efficiencies for chitosan microsphere formulations were determined over three replicates. Atorvastatin encapsulation efficiencies for the formulations prepared with low, medium and high were calculated as 18.359Ϯ0.013%; 17.535Ϯ0.002% and 12.450Ϯ0.009%, respectively in terms of meanϮS.D.
In-Vitro Release The in-vitro release profiles of the microsphere formulations prepared with different types of chitosan [different molecular weights as low (L), medium (M) and high (H)] were investigated. The release profiles were only investigated for 24 h. As seen from the release profiles, the molecular weight of the chitosan clearly affects the release of atorvastatin calcium (Fig. 4) , as well as the specific surface area. As the surface area decreases with the increasing molecular weight, a more rapid release was observed with low molecular chitosan microsphere formulations. The most desired release rate (24 h release) was achieved in the medium molecular weight chitosan formulations (91.42% in 24 h) and this formulation was carried forward to in-vivo experiments.
Functional Evaluation The modified Tarlov Scores of the animals in all experimental groups were recorded over 6 animals per each group after evaluation by an investigator who was blinded to the study protocol. The scores as expressed in in terms of nmol/g tissue over the MDA amount (Fig. 6) . After the analysis of the statistical difference between 4 groups with one-way ANOVA test, statistically significant difference has been established at the significance level pϽ0.05. The post-hoc comparisons of the groups were evaluated with the Bonferroni test. Implantation of the atorvastatin loaded chitosan microspheres in group D significantly reduced lipid peroxidation ratio (55.829Ϯ18.923; meanϮ S.D.) with respect to positive control group, in which no treatment has been introduced after trauma (group B) (72.808Ϯ11.248; meanϮS.D.) (pϭ0.01). For the investigation of vehicle effect, the lipid peroxidation ratios of the group C (empty chitosan microsphere implantation after trauma) and group B were individually compared again with Bonferroni test for no statistical difference has been found within these two groups (pϭ1.00). In addition, statistical comparison of group A with group B indicated that only surgery caused no effect on MDA values (pϭ0.01).
Determination of TNF-a; IL-1b and IL-6 Levels The levels of the three major cytokines are determined at 24 after trauma. The results for IL-1b and IL-6 (pg/ml) of the experimental groups are expressed in the same figure (Fig. 7) . It is a clear fact that trauma causes a significant elevation in both IL-1b and IL-6 values when the results for group A (control) and group B (trauma) are compared with each other (pϭ 0.033 and 0.043 for IL-1b and IL-6 respectively). On the other hand, no significant difference has been observed for the administration of the empty chitosan microspheres on IL1b and IL-6 values when the results of group B (trauma) and group C (vehicle) are compared with each other (pϭ1.000 for both IL-1b and IL-6). However, a significant attenuation in IL-1b and IL-6 levels after the administration of atorvastatin loaded chitosan microspheres in group D with respect the group B (trauma) (pϭ0.005 and 0.026 for IL-1b and IL-6 respectively). Similar to the results of IL-1b and IL-6 cytokine levels, when the TNF-a levels of group D (microsphere) and group B (trauma) are compared with each other, a significantly attenuation in group D (microsphere) has been observed after administration of atorvastatin loaded chitosan microspheres (pϭ0.000) (Fig. 8) .
Ultrastructural Evaluation In TEM examination of the spinal cord samples of group A (control) in which laminectomy has been done, gray and white maters of the tissue samples were found as normal. Organelles, neurons, membranes and perineuronal tissues showed no pathological changes. Only a few number of mild separations have been observed, which are probably due to the delayed fixation of the tissue during preliminary procedure. On the other hand for group B (sham) and group C (vehicle), ultrastructural pathological changes have been observed in small, medium and large sized myelinated axons. The severity of these changes was greater in magnitude especially in large sized myelinated axons. Separation in myelin configuration and interruption in myelin configuration were also present. In group D (microsphere), although the intracellular vacuoles were present in the cytoplasm of the neurons, they had smaller dimensions than group B and group C. In all of the neurons in group D, cell membranes were normal (Fig. 9) . After the comparison of the mean values with Bonferroni post-hoc test, statistically significant difference was determined in terms of MDA amounts between group D (atorvastatin microspheres implanted after trauma) and group B (no treatment after trauma); pϽ0.05. On the other hand no statistical difference has been observed between group B and group C (empty microspheres after trauma); indicating that the vehicle has no effect on MDA values after trauma; pϾ0.05.
Fig. 7. IL-1b and IL-6 Levels for the Experimental Groups
The results are expressed in terms of pg/ml with meanϮS.D.; nϭ6. When the results of group A (control) and group B (trauma) were compared with each other, the fact that trauma causes statistically significant elevation in both IL-1b and IL-6 values (pϭ0.033 and 0.043 for IL-1b and IL-6 respectively). On the other hand it is a clear fact that after the administration of atorvastatin loaded chitosan microspheres in group D with respect the group B (trauma), there exists a significant attenuation in IL-1b and IL-6 levels (pϭ0.005 and 0.026 for IL-1b and IL-6 respectively).
Fig. 8. TNF-a Levels for the Experimental Groups
The results are expressed in terms of pg/ml with meanϮS.D.; nϭ6. When the TNF-a levels of group D (microsphere) and group B (trauma) are compared with each other, a significantly attenuation in group D (microsphere) has been observed after administration of atorvastatin loaded chitosan microspheres (pϭ0.000).
Discussion
Chitosan is one of the most promising natural polymers used in pharmaceutical field. Enabling the controlled release of the active ingredient from the formulation is the outstanding property of chitosan that makes it desirable to be used in many novel drug delivery systems. [28] [29] [30] [31] [32] Depending on the molecular weight of chitosan, the released amount of the active ingredient may easily be controlled. Our results are in good correlation with the literature findings about the effect of molecular weight on drug release from the pharmaceutical formulations. 33) As the molecular weight of the chitosan is increased, the release of atorvastatin from chitosan microspheres significantly decreased. The statistical analysis of the release data with one-way ANOVA test indicated that the release profiles of the three microsphere formulations are significantly different from each other (pϽ0.05). The encapsulation efficiency results reveal that as the molecular weight of the chitosan in the formulation increases, the encapsulation tendency of atorvastatin is decrease significantly (pϽ 0.05). These results do correlate with the surface morphology investigations. As seen in Fig. 2 , the crystals exist which are assumed to be the un-encapsulated atorvastatin powder on the surface of the microspheres. Although the crystalline structures are assumed to be very tiny with respect to the amount of totally excluded atorvastatin, this might be due to the viscous structure of the chitosan solution of high molecular weight type. As the molecular weight of the chitosan solution increases, the water insoluble atorvastatin becomes more sparingly suspended in the chitosan solution. In other words, a more dilute suspension of atorvastatin was prepared with high molecular weight chitosan. Therefore, encapsulation efficiency was decreased in high molecular weight formulations.
A reversed-phase HPLC method was optimized for the determination atorvastatin calcium encapsulated in chitosan microspheres. Under the optimum conditions atorvastatin calcium was eluted in 5.9 min. Then the method optimized was validated through the parameters of system suitability, limit of detection (LOD) and quantification (LOQ), linearity, accuracy, precision, and selectivity. According to the results obtained from validation studies, the analytical method developed for the quantification of atorvastatin from chitosan microspheres has been found as suitable, linear, accurate, precise and selective.
The functional evaluations were investigated 1, 3 and 5 d after trauma. The animals in group D, in which atorvastatin loaded microspheres were implanted, modified Tarlov Scores of the animals were significantly higher with respect to the trauma (group B) and vehicle (group C) groups in all 3 d (pϽ0.05). The effect of time on functional recovery of animals in groups yielded in no significant difference between days (pϾ0.05) Two different mechanisms govern the tissue loss after spinal cord injuries (SCI) which are primary injury that is followed by secondary injury. Primary injury (PI) is the events that cause the contusion, compression or laceration of the neuronal tissues in the medulla spinalis. In other words, it is the mechanical injury formed just at the traumatic event. 34, 35) On the other hand secondary injury (SI) immediately starts just after primary insult. It may be described as the cascade of events involving many different metabolic and biochemical events resulting in tissue destruction. After PI hemorrhage, edema, formation of axonal and neuronal cyst and infarct following demyelinization occurs. Neurogenic shocks, excitotoxicity, liquid-electrolyte imbalance, increase in intracellular calcium level, free radical theory, apoptosis and anti-inflammatory responses are the main mechanisms underlying secondary injury. 36) Secondary tissue damage following compression injury involves inflammation depending on the promotion of tissue edema. Many molecules that allow vascular permeability and induce cellular fluid loss are induced by inflammatory cytokines. 37) Schnell et al. have shown that direct injection of IL-1b into spinal cord resulted in enhanced vascular permeability and lymphocyte recruitment. 38) In another study by Pan et al., it has been demonstrated that within 15 min time after contusion of rat spinal cord, inflammatory cytokine RNAs are induced. RNAse protection assays showed significantly enhanced levels of IL-1a, IL-1b, IL-6 and TNF-a mRNAs by 15 min. This induction of cytokine mRNAs was consistent with the cytokine action pattern with IL-1 and TNF-a peaking first, followed by IL-6 mRNA. 37) Tuna et al. have shown that cytokines such as IL-6 have been secreted by accumulated inflammatory cells in the injured spinal cord. 39) In addition, TNF was marked as a significant cytokine that promotes the migration of blood leucocytes into the injured tissue by modulating expression of different surface antigens. 40) Regarding the previous literature data, our results do well correlate with the previous findings. The three major cytokine IL-1b, IL-6 and TNF-a levels are significantly reduced after local administration of atorvastatin calcium loaded chitosan microspheres.
It was previously demonstrated that tissue hemorrhage initiates free radical formation and iron compounds catalyze the formation of highly reactive hydroxyl radicals. As a result of these reaction, lipid peroxidation is stimulated. 41) The results of this study clearly indicates that although SCI significantly induces malondialdehyde levels with non traumatized group, atorvastatin calcium encapsulated in the chitosan microspheres reduces lipid peroxidation ratio and exerts neuroprotective effects 24 h after SCI. Previous literature date states that the mechanism underlying the neuropro-tective effect of atorvastatin was independent of their cholesterol lowering effects. On the other hand the possible mechanism was explained in the way that, neuroprotection may be due to the modulations in NMDA receptor activity and intracellular calcium dynamics. It was clearly stated that pretreatment of the neuronal cells with atorvastatin significantly reduces intracellular calcium levels and protects cortical neurons from excitotoxic cell death. 42) That is why, the lipid peroxidation lowering effects of atorvastatin may be related to its capacity to block NMDA receptors, that are endogenous inducers of lipid peroxidation.
Depending on the previous literature data mentioned above, the biochemical parameters for the evaluation of the efficiency of atorvastatin calcium loaded microsphere implantation were set as lipid peroxidation ratio, IL-1b; IL-6 and TNF-a levels. Our results showed that SCI markedly increased the levels of these biochemical parameters in rat spine 24 h after trauma. On the other hand, in treatment group (group D, microsphere), the administration of atorvastatin loaded chitosan microshperes exerts neuroprotective effects and significantly attenuated the levels of these parameters. These results are also supported by the ultrastructural evaluation of the rat spinal cord tissues in the experimental groups.
In summary our results showed that atorvastatin loaded chitosan microsphere administration after SCI, decreases lipid peroxidation, IL-1b, IL-6 and TNF-a levels; improves functional outcome and protects ultrastructural damage in the spinal cord tissue. The results of this study support previous literature data on neuroprotective properties of atorvastatin. 17, 43, 44) Although studies about the neuroprotective effects of atorvastatin exists in literature, 13, 42, 45, 46) this was the first study with an atorvastatin formulation on neuroprotective effect evaluation after spinal cord injury. Dose-response studies must be further explored in order to clarify the potential dose in protecting the human spinal cord from traumatic injury.
Conclusion
This study clearly states that atorvastatin attenuates the degree of damage in the spinal cord tissue after traumatic injury in animals. Up to our knowledge, it is the first time that the efficiency of atorvastatin in a controlled release dosage form is being investigated. Further dose-response studies must be completed in order to clarify the optimum dose of atorvastatin in SCI treatment.
